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Abstract
A pseudoscalar associated with dynamical symmetry breaking can mix with a heavier
scalar when CP is violated. We study how such a mixed state that is mostly pseudoscalar
can resemble the observed 125 GeV particle. The production rate from gg is enhanced by
the new heavy quarks and this compensates for the reduced WW , ZZ and γγ branching
ratios. The particle can appear to be a scalar from angular distributions in ZZ decay
while its pseudoscalar couplings should become evident in other processes.
Dynamical electroweak symmetry breaking suggests that the 125 GeV Higgs-like particle
should have little to do with a field whose expectation value breaks the symmetry. The light
bosons that are expected are pseudoscalar and such particles should have tiny branching ratios
to WW and ZZ. The data is suggesting otherwise [1, 2]. An implicit assumption behind the
pure pseudoscalar prediction is CP invariance, and so it is now worthwhile to consider relaxing
this. We shall focus on a strongly interacting fourth family as a specific framework for strongly
interacting chiral fermions. This is similar to a one family technicolor model but the differences
are more involved than a simple change of notation [3]. Our discussion could be generalized
to any set of condensing fermions of a general dynamical symmetry breaking theory.
We shall represent the dynamics at a TeV in terms of SU(2)L × U(1) invariant 4-fermion
operators involving the four heaviest fermions, t′, b′, τ ′ and t. We shall initially ignore the
fourth neutrino, ν ′; we return to it at the end where we consider two possibilities for its mass,
Dirac or Majorana. Some new strong gauge interaction is assumed to be broken close to a
TeV and give rise to the following effective operators.
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Electroweak symmetry breaking can be driven by the condensates of t′ and b′, in which
case the coefficients of at least the first two operators in (1) must be above some critical value
(as in the NJL model [4]). The critical value is somewhat reduced for the quark operators
since QCD is also attractive in these channels. We emphasize that the modelling of gauge
dynamics by these effective operators is not a controlled approximation, and it may not even
provide the right explanation for the pattern of mass among these fermions (we say a little
more about this at the end). But this caricature of the TeV dynamics is sufficient to explore
the effects of CP violation.
For CP violation we need to consider another set of operators. The operators in (2) couple
together the scalar bilinears composed of the t′, b′, τ ′ and t flavours. (Four of these operators
have a LRLR structure where the SU(2)L indices are contracted with iσ2.)
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The operators of (2) are not hermitian (the hermitian conjugates are not shown) and so it is
possible that they can carry CP violating phases. In fact the phases of these operators are
sensitive to axial phase rotations of the four Dirac fermions.1 But one combination of these
rotations is contained in SU(2)L×U(1) and is thus inert. The remaining three phase freedoms
cannot in general remove the six phases in the six operators. Any four of the operators would
be sufficient to have a physical CP violating phase. If the three operators involving t (or τ ′)
were removed, again a physical phase would remain.
We assume that none of the operators of (2) can be generated by the TeV scale gauge
interactions and that they have a different origin in some new flavour physics at a higher
scale. Their coefficients are then suppressed relative to those in (1). But they need not be
much smaller since anomalous scaling effects due to the strong gauge interaction can keep the
operators close to being relevant. In fact one of the operators of (2) may be largely responsible
for the top mass,2 in which case mt/mq′ gives an estimate of the size of an operator in (2)
relative to the first two operators in (1).
We would like to move to a description that brings in the propagating bosonic degrees of
freedom of interest. The standard approach involves the introduction of auxiliary complex
scalar fields that allows the 4-fermion terms to be replaced by a sum of Yukawa terms and mass
terms for the scalar fields. Fermion loops in this equivalent description generate gauged kinetic
terms for the scalar fields. They also generate a scalar potential and negative mass terms that
in this language drives the symmetry breaking. This construction in the context of the t′, b′,
t system was carried out in [6]. We shall end up with an example of a multi-Higgs model, and
1Other operators may be sensitive to more general transformations and thus play a role in vacuum orien-
tation, but they are not relevant for our discussion.
2The second operator in the second row may be favoured [5].
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the study of CP violation in such models, in particular the two-Higgs-doublet model, has a
long history as reviewed in [7, 8]. CP violation can occur explicitly or spontaneously with the
latter case receiving attention in technicolor [9].
We define the complex scalar field doublets in a flavour basis φt′ , φb′ , φτ ′ and φt. They all
have hypercharge 1/2 and they are defined to couple to the fermions as follows (φ˜ ≡ iσ2φ∗),
− LYukawa = q′Lt′Rφ˜t′ + q′Lb′Rφb′ + `
′
Lτ
′
Rφτ ′ + qLtRφ˜t + h.c. (3)
The scalar mass terms can be expressed in terms of a hermitian matrix M2,
Lmass = −S†M2S, ST ≡ (φt′ , φb′ , φτ ′ , φt). (4)
Lmass along with LYukawa reproduces the original 4-fermion operators when M2 is the inverse
of the matrix of coefficients of those operators. The diagonal (off-diagonal) entries of the
coefficient matrix are associated with the operators in (1) ((2)). Both M2 and its inverse
share the property that the off-diagonal elements are smaller than the diagonal elements. The
diagonal elements of M2 receive contributions at one loop that drive at least some of these
masses negative. The off-diagonal elements of M2 carry the phases.
The kinetic terms for the scalar fields that are generated at one loop yield the W and Z
masses when φi are replaced by vi. The W and Z masses can also be obtained directly from
the massive fermion loop and so
v2i =
nim
2
i
4pi2
ln
Λi
mi
(5)
where ni = 3 or 1 is the colour factor. v
2
i is the contribution from this flavour to v
2 =
(246 GeV)2. Λi is the compositeness scale. mi is the fermion mass and it is related to vi
via the Yukawa coupling mi = yivi/
√
2. By inserting this back into (5) we obtain the one
loop values of the Yukawa couplings yi. These couplings are the analog of the ratio of the
constituent quark mass and fpi in QCD.
A more realistic description of the underlying physics involves Schwinger-Dyson equations
and momentum dependent dynamical fermion masses emerging as their solutions. The de-
crease of the fermion mass functions Σi(p) for increasing p naturally cuts off the one loop
contributions and so the values of mi and Λi serve to characterize this behaviour. The sim-
plified local description should be adequate to show how CP violation can affect the neutral
spinless degrees of freedom.
The higher powers of the fields in the scalar potential are also generated and at one loop
are CP conserving. For example the quartic terms in the case yq′ = yt′ = yb′ take the simple
form [6]
L4 = y2q′ [(φ†t′φt′)2 + (φ†b′φb′)2 + 2(φ†t′φt′)(φ†b′φb′)− 2(φ†t′φb′)(φ†b′φt′)]
+ y2τ ′(φ
†
τ ′φτ ′)
2 + y2t (φ
†
tφt)
2. (6)
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So at one loop we have the case of explicit CP violation originating only in the quadratic
terms, i.e. ‘soft’ breaking of CP. At higher loop order the more general set of terms in the
potential is generated.
We have assumed that there is a charge conserving minimum of the potential at nonva-
nishing values of the neutral components of the fields 〈φ0t′〉, 〈φ0b′〉, 〈φ0τ ′〉 and 〈φ0t 〉. All four
vevs can be expected to be nonvanishing even if not all of the diagonal elements of M2 are
negative, due to the off-diagonal elements ofM2 [6]. In general the vevs are complex but the
phase symmetry from SU(2)L×U(1) and further field redefinitions can move these phases out
of the vevs, thereby changing the phases inM2. (In the case of spontaneous CP violation the
phases first appear in the vevs, but once the phases are rotated out of the vevs the situation is
the same.) The phases of the fermions can also be adjusted to keep the Yukawa couplings real.
Effectively the phases of the original 4-fermion operators are being adjusted (not removed) so
that the fermion condensates are real.
The neutral components of the scalar fields can now be written in terms of the scalars σi
and pseudoscalars pii
φ0i =
1√
2
(vi + σi)e
iipii/vi (7)
where t′ = t = −1, b′ = τ ′ = 1. With this definition (pit′ + pib′)/
√
2 is an isosinglet. The
off-diagonal terms inM2 are the source of the explicit breaking of the phase symmetries and
so they provide masses for the pii’s. One pseudoscalar remains massless, the Goldstone boson∑
i ivipii/v absorbed by the Z.
3 The expansion of off-diagonal terms with complex coefficients
can also give rise to σipij terms. This is the main physics of interest here, the mass mixing
that can occur between the scalars σi and the pseudoscalars pii due to CP violation.
The full mass matrix must be diagonalized to obtain the physical states. It is convenient
to express these states in terms of the σi and pii modes that are respectively CP even and odd,
where for example the pii do not have tree level couplings to gauge bosons. The CP violation
will show up as states that have mixed CP properties. Let us focus on a light mass eigenstate,
labelled Π, to be associated with the 125 GeV resonance. We express it as
Π =
∑
i
pipii +
∑
i
siσi. (8)
Since it is light this state should be dominated by its pii components. Also
∑
i ivipi = 0 since
it must be orthogonal to the Goldstone mode. This allows it to have a large overlap with
the isosinglet (pit′ + pib′)/
√
2, which is what we shall assume, and this ensures its coupling
to gg. This particular isosinglet pseudoscalar was studied in [3]. The charged pseudoscalars
are contained in an isotriplet, but this should be dominated by its leptonic modes due to
3In the context of technicolor another pseudoscalar is removed from the light spectrum due to technicolor
instantons.
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the required orthogonality to the isotriplet Goldstone modes. There are two other neutral
pseudoscalars, one that may be dominated by the leptonic isosinglet mode and one that may
be dominated by the top mode. Our focus shall be on Π.
We should now consider the mass matrix M2 in the basis (pit′ , pib′ , piτ ′ , pit, σt′ , σb′ , στ ′ , σt).
M2 is real and symmetric and diagonalized with an orthogonal transformation. The real
mixing parameters in (8) satisfy
∑
i p
2
i +
∑
i s
2
i = 1 and they also appear in the inverse
transformations, pii = piΠ + ..., σi = siΠ + .... These parameters thereby determine the Π
couplings to other fields.
Let us first consider the tree level W and Z couplings, which vanish for the pii’s. Since
the φi are standard doublets, each σi has a coupling to the same combination of WW and
ZZ as the standard Higgs, but with a coupling suppressed by vi/v. Thus the width of the
Π into WW or ZZ is v−2(
∑
i sivi)
2 times the standard Higgs width into WW or ZZ. We
note that the combination
∑
i viσi/v has the standard Higgs widths and thus corresponds to
the standard Higgs. But here
∑
i viσi/v is generally not a mass eigenstate and Π can have
an overlap with this combination, (
∑
i sivi)
2 6= 0. Effectively Π needs to be mixed with a
standard heavy Higgs to boost its decay to WW and ZZ.
The Π couplings to the heavy fermions are given by
Π
(∑
i
mi
vi
ψ(si + ipiγ5)ψi
)
. (9)
From this we find that Γ(Π→ gg) is enhanced relative to the standard Higgs by a factor
Rg =
9
4
( ∑
i=t′,b′,t
pi
vi
)2
v2 +
( ∑
i=t′,b′,t
si
vi
)2
v2. (10)
We have used the infinite mass approximation for the quark loops. This result should still be
a good approximation after QCD corrections, since the corrections to scalar and pseudoscalar
gg couplings are very similar at NNLO [10, 11].4 For the pseudoscalar combination (vb′pit′ +
vt′pib′)/
√
v2t′ + v
2
b′ the resulting Rg = (9/4)v
2(v2t′ + v
2
b′)/(v
2
t′v
2
b′) is greater than 9. Thus we
expect the gg production mode of the Π to be significantly enhanced relative to a standard
Higgs. In order to obtain the observed production of WW and ZZ, the branching ratio of Π
into WW and ZZ must be reduced compared to the standard Higgs. This happens naturally
here because of the mixing suppression factor v−2(
∑
i sivi)
2.
The enhancement of the gg width by new heavy fermions is not seen in standard CP violat-
ing two-Higgs-doublet models. Without this enhancement, the light mixed scalar-pseudoscalar
state in such models tends to be pushed to the pure scalar limit in order to recover sufficient
ZZ and WW production [12, 13].
4This fact was missed in [3].
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A suppression factor v−2(
∑
i sivi)
2 ∼ 1/10 is needed to produce WW and ZZ production
rates similar to that of the Higgs. The suppression factor resembles the square of a mixing
angle and so it might be expected to be comparable to the ratio between the smallest and
largest eigenvalues of the matrix M2. The latter is ∼ 1/100 if the lightest of the boson states
is 125 GeV and the heaviest is around a TeV. But since M2 has only positive eigenvalues (a
stable minimum), the square root of these values are the eigenvalues of another symmetric
matrix (the square root of M2) that is diagonalized by the same orthogonal transformation
that diagonalizes M2. This suggests that a suppression factor of ∼ 1/10 is not unreasonable
for the given mass ratios, and a study of random choices for M2 bears this out.
Γ(Π→ γγ) is reduced relative to the standard Higgs with a suppression factor
Rγ =
9
4
[∑
i pi
niq
2
i v
vi
]2
+
[∑
i si(
vi
v
CW − niq
2
i v
vi
)
]2
(
CW − 43
)2 . (11)
ni is the colour factor, qi is the charge and CW ≈ 6.26 due to the W loop. The pseudoscalar
piece is reduced because of the absence of the W while the scalar piece is reduced because
more fermions contribute. We give Rγ for two special cases; Rγ ≈ 0.26 for the pseudoscalar
with pt′ = pb′ = vt′/v = vb′/v = 1/
√
2 and Rγ ≈ 0.21 for the Higgs scalar combination. From
these examples we see that RgRγ ∼ 2 which is an enhancement factor in the production rate
of γγ relative to a standard Higgs. As for the total width of Π, the increase in Γ(Π → gg)
more than compensates for the decrease in Γ(Π→ WW,ZZ), but Γ(Π→ bb, cc, ττ) may also
decrease with the result that the total width of Π can be similar to the Higgs.
A first experimental test of this picture will be to see the reduced W and Z couplings of
Π. The 125 GeV particle should have smaller than expected production through vector boson
fusion or when associated with W/Z. Further tests will need to probe for the existence of the
mixed pseudoscalar-scalar couplings. In particular the Π coupling to ZZ is essentially scalar,
that is it is dominated by the tree level couplings due to the σi components of Π, and so the
angular distributions of the four leptons from the ZZ decay will be close to the Higgs result.
This is line with the first results [14].
The couplings of Π to γγ and gg are definitely mostly pseudoscalar. The couplings to t, b
and τ will also have pseudoscalar components. Thus the main experimental objective would
be to find evidence for any of these pseudoscalar couplings. In particular the pseudoscalar gg
coupling could be detected in the azimuthal angular separation distribution of the two jets in
Π + 2 jets production [15].
The Π coupling to fermions such as t, b and τ should be at least roughly proportional
to mass. But other than that the couplings are quite uncertain. The t couplings depend
on the mixing parameters pt and st and the couplings to b and τ are further complicated
by the physics responsible for their mass. The relevant 4-fermion operators can bring in
additional phases, and more than one operator can contribute to a given mass. But since Π
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is predominantly pseudoscalar, its couplings to any of these fermions should continue to have
significant pseudoscalar components. This could show up in the decay distributions of τ+τ−
if BR(Π → τ+τ−) is not reduced too much. Another possibility is tt associated production
with, for example, Π → bb. The literature on these and other searches for CP violation in
enlarged Higgs sectors is reviewed in [7].
Thus far we have ignored the presence of the fourth neutrino ν ′. If it has a Dirac condensate
then it can be treated similarly to the τ ′, and there would be a fifth scalar doublet φν′ . There
would be four more operators with possible CP violating phases for a total of 10− 4 physical
phases.
More interesting is the case of a Majorana neutrino mass. This is the case if the field ν ′R
doesn’t exist in the TeV scale theory, leaving the purely Majorana condensate 〈ν ′Lν ′L〉 as the
only possibility. This leads to the introduction of a SU(2)L triplet scalar field with a Yukawa
term
`′TL Φν′`
′
L with Φν′ ≡
(
Φ0 Φ
+√
2
Φ+√
2
Φ++
)
. (12)
We set
Φ0ν′ =
1√
2
(vν′ + σν′)e
−ipiν′/vν′ . (13)
Fermion loops containing the neutrino contribute to the W and Z masses and the log Λ terms
are captured by the kinetic terms of the triplet scalar [16]. This gives
m2W =
g2
4
(v2t′ + v
2
b′ + v
2
τ ′ + v
2
ν′) (14)
m2Z =
g2 + g′2
4
(v2t′ + v
2
b′ + v
2
τ ′ + 2v
2
ν′) (15)
where
v2ν′ =
m2ν′
4pi2
ln
Λν′
mν′
. (16)
The extra contribution to m2Z means a negative contribution to the T parameter α∆T =
−v2ν′/v2 due to the Majorana neutrino mass [17]. For example ∆T ≈ −0.4 for mν′ = 100 GeV
and Λν′ = 2mν′ . There are also contributions to the W and Z masses from the underlying
physics that are finite (independent of Λ), in particular the positive contributions to T arising
from fermion mass splittings. The new negative contribution is then welcome, since it allows
more t′− b′ and ν ′− τ ′ mass splitting. mτ ′ > mν′ is especially favoured since the contribution
to S from leptons is
Sleptons ≈ 1
6pi
− 1
3pi
ln(
mτ ′
mν′
)− 1
12pi
, (17)
where the last term is another consequence of the Majorana mass. Sleptons is allowed to become
more negative and the viability of the fourth family is improved [5]. Most studies of the fourth
family ignore this “pure Majorana” possibility.
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SU(2)L × U(1) invariant operators that couple ν ′Lν ′L to other fermions have 6 fermions
rather than 4. Thus cubic terms appear in the scalar potential, such as φ˜Tt′ Φν′φ˜t′ and φ
T
b′σ2Φ
∗
ν′σ2φb′ .
Such terms can be another source of CP violation and in this case could cause Π to pick up
a σν′ component. The interest here is that the σν′ coupling to ZZ versus WW is twice as
large as for a standard Higgs. Γ(Π → ZZ)/Γ(Π → WW ) could then deviate from standard
expectations. But the piiσν′ mixing terms are expected to be smaller than before because
6-fermion operators should be smaller than 4-fermion operators. So unless the σν′ mass before
mixing was unexpectedly close to the Π mass the size of the effect appears to be small.
In multi-Higgs models light scalars are typically the main attraction, but here they are
relegated to large masses, both neutral and charged. Among the neutral scalar fields before
mass mixing, σt′ and σb′ are related to 4-fermion operators that are driving the symmetry
breaking. These masses at one loop are typically close to 2mi [18]. The only way for the σi’s
and fermions to be light compared to the compositeness scale is through a fine tuning which
can be traced back to the need for the original 4-fermion operators to be tuned close to critical
strength. Since we don’t assume fine tuning we expect the σi to have TeV scale masses. For
consistency the masses should be below the compositeness scales and we note that in QCD
the sigma resonance at 441 MeV [19] is markedly below 2m as well. Scaling up the QCD
numbers gives a very broad scalar resonance around 1.2 TeV and heavy quark masses around
750 or 800 GeV.
As for the top mass our discussion has suggested that the last operator in (1) is subcritical,
to ensure that the top mass is smaller than the t′ mass. But here we note that this is not
strictly necessary. vt′  vt (and thus mt′  mt) could be a property of a minimum of the
full potential even if the potential was roughly symmetric between t′ and t. To spontaneously
break such an approximate discrete symmetry, the potential would just need to contain a
sufficiently large term of the form (φ†t′φt′)(φ
†
tφt). An example of a TeV scale broken gauge
interaction that treats t′ and t similarly is a U(1) under which the third and fourth families
have equal and opposite charges.5
If the origin of CP violation lies above the weak scale then it could be arising spontaneously
along with the breaking of flavour gauge symmetries. This flavour physics may be in the
100 to 1000 TeV range. It would be quite remarkable if the first particle discovered at the
LHC provides a window onto this physics. We have been fairly qualitative in our discussion
because there is presently little handle on the sizes of the various operators of interest. The
exception are those operators responsible for the top mass, and they support the notion that
the operators of interest are not small. Despite the uncertainties we have ended up with some
properties for a light boson that are very distinctive, and probably distinctive enough to be
tested in the current LHC run. More theoretical questions of how this picture could fit in
5See [20, 21] for some discussion of such a U(1). Also a strong U(1) gauge theory with many flavours has
nontrivial characteristics [22].
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with consistent descriptions of weak and strong CP violation can await these tests.
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